Abstract : O2-deficiency related accidents occur every year and the most effective way to prevent them is to measure O2 concentration in air with a properly-calibrated O2 monitoring device before entering low-O2 areas. An electro-chemical sensor, Texas Instrument gas platform, and iPhone are used to construct a smartphone-based O2 monitoring device. The smartphone based O2 measuring approach offers advantages of small size, accessibility, internet-connectivity, and programmability in comparison to conventional O2 measuring devices. Multiple gas sensors can be conveniently interfaced to single smartphone, allowing for creating a network of gas sensors distributed across workplaces and remote monitoring via existing mobile communication network. To check proper function of the O2 monitoring device the sensor was exposed to shallow and deep human breaths. The readings decreased immediately after being exposed to exhalation and recovered during inhalation to a calibrated level of 20.9%. When readings decreased below a preset warning value of 19.5%, a low O2 warning was successfully activated on the smartphone.
Introduction
Workers fall victims to asphyxiation by unknowingly entering O2-deficient areas 1) . O2-deficient environment may exist in poorly ventilated areas, confined spaces, and enclosed areas. Some examples include barges, sewer systems, wells, grain silos, castings, tunnels, vaults, and process vessels [2] [3] [4] [5] . Lack of O2 is a leading cause of death among workers entering confined spaces and among those attempting to rescue workers in confined spaces 6) . Some common causes of O2 deficiency include metal-rusting, combustion, gas-leaking, fermentation, and etc. If you breath one or two breaths of air with little O2, immediate effect of faintness, dizziness, or unconsciousness begins (refer to Table 1 for detailed symptoms of O2 deficiency) and you may not have enough alertness to move.
The immediate effects of low O2 environments are due to our body's O2 transport system 7) . When humans are exposed to atmospheres with O2 partial pressure less than 20 mmHg, every respiration forces O2 in the body to be excreted into the atmosphere. In this hypoxic state, the brain is the most instantly affected body organ. Symptoms or warnings are generally non-existent, but even though present, the victims have already lost mental capacity or body coordination needed for helping themselves or seeking assistance 8) .
The only way to know for certain of the presence of O2 deficient environment is to measure the amount of O2 in the air with a properly calibrated O2 sensor because O2-deficient air has no warning characteristics inherent in some toxic gas such as smell, taste, and irritation. If the O2 level falls below 20.9 %, then it indicates a problem affecting the air and investigation is needed. This is when a periodic O2 concentration monitoring device becomes useful to prevent suffocation resulting from low O2 level.
With advance of information-telecommunications technology, small-scale electro-chemical gas sensors and smartphones powerful enough for processing measurement data are readily available. This technical progress allows for setting up a network of gas sensors without huge capital investment that periodically measure O2 concentration and alert adjacent workers of potential risk if O2 deficiency risk occurs. Internet connectivity, power consumption and communications protocol are important factors to consider in constructing an efficient wireless network of O2 monitoring devices. In this study, a smartphone based O2 concentration monitoring device is developed that consists of electro-chemical O2 sensor, bluetooth low energy(BLE) gas platform and a smartphone. The computing power and built-in internet connectivity of the smartphone are used for processing measurement data from electro-chemical O2 sensors transmitted over existing BLE communication protocol developed specifically for low power consumption.
O 2 Concentration monitoring device
A smartphone-based portable wireless O2 level monitoring device(SOD) consists of an electro-chemical O2 sensor (O2-A2 O2 sensor, AlphaSense, UK 9) ) and the Texas Instrument gas platform as shown in Fig. 1 that contains an analog front end (AFE) for signal conditioning (LMP91000, Texas Instrument, USA), and a micro-processor based controller (CC2541, Texas Instrument, USA) complete with wireless communications capabilities 10) . Electro-chemical O2 sensors are among the most dependable and stable type of gas-detecting sensors available. Alphasense O2-A2 O2 sensor is a galvanic O2 sensor which uses capillary-flow-control. The working principle of a O2 sensor is similar to that of a metal/air battery; when O2 is in contact with the cathode of the sensor, a current proportional to the rate of O2 consumption at the cathode is produced. A programmable AFE (The LMP91000, Texas Instrument, USA) is used to measure the current at the sensor. The AFE provides a complete signal path between a sensor and a micro-controller that generates an output voltage proportional to the current generated on the electro-chemical sensor. Measuring output voltage of the AFE with a microprocessor-based controller allows for estimating O 2 concentration in air and also compensating repeatable non-linearity, temperature and pressure dependance of the Alphasense O2-A2 sensor to the required accuracy. Measurements of O 2 concentration is wirelessly transmitted to a smartphone over the BLE protocol as shown in Fig. 2 . The AFE and micro-controller are major functional blocks of Texas Instrument BLE gas platform.
The SOD is 40 mm in diameter and is 60 mm in height. It weights less than 100 grams. The working life of the electro-chemical sensor(O2-A2 Alphasense, UK) used for the SOD is 2 years. Data transmission distance to a smartphone is approximately 5 meters at a transmission power of -3 dB and can be extended by increasing the transmission power at expense of shortened operating hours.
Experimental results
The standard method of calibrating most O2 sensors is to let the device sit in fresh air for a certain time and to adjust its measurements to match 20.90%. Because the sensor characteristics changes with time, periodic calibration is required. Calibration can be easily automated with the SOD. Fig. 3 shows O2 readings after 1 minute of calibration in fresh air. Mean is 20.87%. and standard deviation is 0.02%. The number of sample used for statistical analysis is 600.
It is also very important to perform a "function check" of the O2 sensor before use. The function check verifies the proper performance and warning capability of the sensor by exposing the sensor to a concentration of O2 below the O2 deficiency warning set point. Performing function check of the O2 sensor can be conveniently done by exhaling onto the sensor of the SOD. During the function check, sensor measurements should drop to a level low enough to set off the low-O2 warning and then bounce back to a calibrated level of 20.9 %.
Sensor readings that fail to drop or that take an improperly long time to recover to the calibrated level may signal a malfunction of the sensor. Fig. 4 shows change of O2 readings when the sensor is exposed to shallow and deep human breaths. The readings decreases immediately after being exposed to exhalation and recovers during inhalation to a calibrated level of 20.9%. When readings decreases below a preset warning value of 19.5%, a low O 2 warning is activated on the smartphone as shown in Fig. 5 with additional vibration and beep sound to have a worker alerted about O 2 deficiency.
O 2 deficiency Warning Procedure
In consideration of the Occupational Health and Safety Regulation for O 2 deficiency varying from country to country (refer to Table 2 ), a three stage O 2 deficiency warning is issued depending on the concentrations of O 2 in air as shown in Fig. 6 . Three warning set points are at 20.9% (normal O2 concentration in fresh air), 19.5% (O2 deficiency level in USA), and 18% (O2 deficiency level in Korea). The threshold O2 concentration for warning can be conveniently changed on-site by a worker using smartphone. When O2 level persistently drops below 20.9% with a lower bound of 0.5%, the first stage warning is issued in which the worker is advised to investigate environment for what is causing O2 deficiency. If the O2 level continues to decline below a O2 concentration level of 19.5% for which is considered safe according to Korean regulation but unsafe under American regulation, a mandatory check warning is issued in which the workers are forced to stop work and investigate environment until the causes for O2 deficiency are identified and corrected. Finally, at a O2 level of 18%, the stage III of warning for immediate evacuation is .
Discussion
Early warning is a key to survival when O2-deficient environment is encountered. In Korea, smartphones with internet connectivity and computing power enough for data processing are widely available. Unlike conventional O2 measuring devices, the SOD not only notifies O2 deficiency of workers present on-site also sends a notice to a cloud-server through commercial mobile communications network. Therefore, outside help can be immediately dispatched to rescue workers as illustrated in Fig. 7 . It is noted that establishing a smartphone-based sensor network requires telecommunications network such as 3G or LTE.
Proper calibration and compensation of nonlinearity and drift resulting from temperature and presence of other gases play an critical role in measuring O2 concentration with reliability and accuracy. With the SOD, calibration, compensation, and interfacing with other gas sensors can be effectively performed. Also the SOD is scalable. Therefore, establishing a network of occupational gas monitoring system can be achieved with minimal effort and expenditure by utilizing existing communication capability and protocols of the smartphone. 
Conclusions
A smart-phone based O2 deficiency monitoring device(SOD) is developed that is comprised of an electro-chemical gas sensor, a signal processing unit, and a controller with wireless communication capability. A three stage warning protocol was demonstrated with O2 threshold concentrations at 20.9%, 19.5%, and 18%. The number of warning stages and threshold O2 concentrations may be changed according to workplace conditions. In contrast to conventional O2 measuring devices, the SOD allows for remote monitoring and dispatching timely assistance through internet in case of O2 deficiency accident.
